Introduction
Composed of anisotropic organic molecules, liquid crystals (LCs) are fluids exhibiting a long range order and for this reason they are often referred to as the fourth state of the matter, in between the solid and the liquid phases [1] . Since their discovery in the late 19th century, liquid crystals have had a profound impact on modern technology [2] . Their application in flat panel displays has paved the way to the design of a number of new electronic devices. Their exotic and unique behaviour still continues to fascinate academic and industrial researchers around the world, with actual and postulated applications well beyond the realm of flat panel displays [3] .
In recent years the self-assembly of LCs has been successfully exploited for the development of new functional nanostructured organic materials. [4, 5] In such materials a well-defined hierarchical order is crucial in order to generate the desired functional properties, and the in situ polymerization of reactive liquid crystal monomers, in the molten phase, represents a fast and controllable process for the production of stable anisotropic polymers and networks [6] . Monomers containing reactive end groups such as acrylate, diene or diacetylene moiety are first aligned macroscopically in the liquid crystalline phase, then the alignment can be frozen by in situ polymerization induced either thermally or under UV irradiation, affording to nanostructured polymers characterized by a stable LC order over a wide temperature range.
Functional organic materials based on polymerised LC assemblies have been largely investigated for applications as membranes [7] , drug delivery systems [3] optically anisotropic films [8] , holographic materials [9] , soft stimuli-responsive actuators [10, 11] and sensors [12] . The macroscopic properties and phase structures of the resulting polymeric LC systems, and consequently their final application, are strictly related to the cross-linking density of the final network. For example, stimuli-responsive soft actuators, for application as artificial muscles, can be realized by weakly crosslinking the starting reactive mesogens [13] . The product is a liquid crystalline elastomer, where the anisotropy of the LCs and the elasticity of a rubber are combined in order to obtain actuating ability. In order to produce functional organic materials with new properties and enhanced responses, there is a need to extend the toolbox of available reactive mesogens and combine different triggers in LC materials.
As a complement of hydrogen bonding (HB), halogen bonding (XB) is emerging as a noncovalent interaction of choice in designing functional supramolecular materials [14] . According to IUPAC, the term halogen bonding refers to the noncovalent attractive interaction involving a halogen atom as the electrophilic site [15] . XB is a highly directional interaction, whose strength can be easily tuned by changing the halogen atom (XB-donor) and the electron-withdrawing ability of the substituents in its neighbourhood [16, 17] . The strength of the XB, in fact, increases with the polarizability of the halogen atom, while the presence of electron withdrawing substituents at the vicinity of the XB-donor site increases its Lewis acidity and consequently the interaction strength. In particular fluorination of the molecular backbone of certain halogenated building blocks enhances their ability to work as XB-donors, giving rise to particularly strong interactions [18] . The electron-donating XB-acceptors can be either anions or neutral species possessing at least one nucleophilic region, e.g., a lone-pair-possessing heteroatom or a p-system.
Thanks to its high directionality, the XB has been applied successfully in the construction of new liquid crystalline materials [19, 20] . Moreover, its high specificity for haloperfluorocarbons allowed the introduction of fluorinated modules [21] [22] [23] , overcoming the low affinity existing between perfluorocarbon and hydrocarbon compounds and opening new opportunities for exerting control over the mesomorphic phase and the functional properties of the final systems. Fluorination, in fact, represents an efficient strategy to enhance physical properties and to exert control over the supramolecular organization in liquid crystals [24, 25] . Generally, the introduction of perfluorinated chains results in higher transition temperatures while the well-known tendency of perfluoroalkyl chains to segregate from hydrocarbon chains favours the formation of lamellar phases. This produces interesting charge-transport properties in ionic liquid crystals where anisotropic conduction pathways can be generated [26, 27] .
Some years ago, our group has reported about the liquid crystalline behaviour of halogen-bonded trimeric complexes obtained upon self-assembly of a range of alkoxystilbazoles acting as monodentate XB-acceptors with a,v;-diiodoperfluoroalkanes or 1,4-diiodotetrafluorobenzene acting as bidentate XB-donors [23, 28] . Despite the non-mesomorphic nature of the starting materials, most of the reported halogen-bonded complexes have shown liquid-crystallinity. The modularity of this approach has opened new perspectives in the engineering of liquid crystals and, liquid crystalline polymers with nematic phases have been obtained upon complexation of difunctional XB-donor and acceptor molecules [29] , while reacting an alkoxystilbazole derivative with a XB-donor molecule incorporating an azo group, supramolecular LC complexes with unique light-responsive properties have been obtained [30] .
Keen to explore the potential of XB in the formation of new reactive mesogens, on the heels of our previous results, we have prepared some new halogen bonded complexes by self-assembly of 1,4-diiodotetrafluorobenzene and a,v-diiodoperfluoroalkanes of different chain length, with an alkoxystilbazole derivative bearing an alkoxy chain functionalized with a terminal methacrylate group (Scheme 1). The formation, the structural characterization, and the mesomorphic behaviour of such materials are herein described in detail.
Results and discussion

Synthesis of supramolecular complexes
Diiodoperfluoroalkanes and diiodoperfluoroarenes are wellknown XB donors, largely applied for the construction of numerous supramolecular structures [31] [32] [33] [34] and liquid crystals [20] , since they form particularly short and directional interactions, thus allowing structural control over the final supramolecular complexes. From their bifunctional structures it may be expected that trimeric complexes where the fluorinated module is bridging two stilbazole derivatives 1 are obtained. Therefore, the XB-complexes 3a-e between the stilbazole methacrylate 1 and the diiodoperfluorocarbons 2a-e (Scheme 1) have been obtained by crystallizing from THF solutions a 2:1 mixture of the stilbazole methacrylate and the diiodoperfluorocarbon. The successful complex formation was soon evidenced by a color change in the products. In fact both the parent stilbazole methacrylate and the diiodoperfluorocarbons are white, whereas crystals obtained from THF solutions were pale yellow implying a degree of charge transfer from the pyridine nitrogen to the s-hole on the iodine atom [35] .
All the complexes were characterized by FTIR spectroscopy, single crystal X-ray diffraction analysis, and Polarized Optical Microscopy (POM).
FTIR spectroscopy
Fourier transform infrared spectroscopy (FTIR) has been applied as a simple and fast screening method to detect the occurrence of XB between the stilbazole derivative 1 and the diiodoperfluorocarbons 2. It is well-known, in fact, that the intermolecular interaction between an electron-donor species with an electrophile affects the vibrational motions in term of intensity and shift. Scheme 1. Chemical structures of the alkoxystilbazole derivative (1), the diiodoperfluorocarbon modules (2a-e) and their halogen-bonded complexes (3a-e).
In pyridine-iodoperfluorocarbon complexes it has been found that the occurrence of halogen-bonding produces a blue-shift and intensity decrease in the pyridine bands in the region 3000-3100 cm
À1
, as a result of a higher positive charge on the pyridyl hydrogens in the complex, and a red-shift of the bands associated with the perfluorinated moiety, due to an increased electron density of the XB-donor [36, 37] . This is clearly evident in the FTIR spectra of all the complexes described in this paper. For instance, the n CÀ ÀH absorption of the pyridine ring in the pure stilbazole methacrylate 1 at 3036 cm À1 becomes less intense in 3b and is shifted to 3054 cm , respectively, on complexation. Selected FTIR absorption frequencies for all the complexes 3a-3e and their individual starting components are reported in Table 1 .
Single crystal structural analysis
Single crystals of complexes 3a-e were grown by slow evaporation of a THF solution containing a 2:1 mixture of the stilbazole methacrylate 1 and the diiodoperfluorocarbons 2a-e. After a period ranging from 3 to 7 days at room temperature, plate like single crystals suitable for X-ray diffraction analysis were obtained. Detailed crystallographic data for all structures are summarized in Table 2 . CCDC no.s 1511609, 1511611, 1511610, 1511612, 1511613 contain the supplementary crystallographic data for complexes 3a-e.
Single crystal X-ray diffraction analysis of complexes 3a-e confirmed that in the final cocrystals the stilbazole methacrylate 1 and the diiodoperfluorocarbon modules 2a-e are present in a 2:1 ratio and IÁ Á ÁN XBs are largely responsible for the self-assembly of the complementary modules 1 and 2. The topology of the primary network is a nice example of the paradigm of the expansion of a ditopic starting module by a linear linker moiety: Each diiodoperfluorocarbon module 2 acts as a linear and ditopic XB-donor while the stilbazole methacrylate derivative 1 behaves as a strong XBacceptor (Fig. 1) . The geometrical parameters describing the XB contacts are reported in Table 3 . All the XBs are quite short and linear with values similar to those reported for other halogen bonded systems involving stilbazoles derivatives [21, 28] . These features confirm, once again, that the supramolecular synthon IÁ Á ÁN is strong and reliable and that the stilbazole core on the XB acceptor module 1 is a very efficient building unit to promote the formation of halogen-bonded adducts.
From the crystal packing point of view it is interesting to note that although the XB donors used in the co-crystal formation are quite diverse either in structure and dimension, four perfluoroalkanes with different alkyl chain lengths and one aromatic unit respectively, the overall packing of the adducts 3a-e shares strong similarities. 
a Upon halogen bonding the intensity of the CÀ ÀH stretching vibration of pyridine ring undergoes a marked reduction and the band is not visible anymore in the spectrum of 3c. Table 2 Crystallographic data for co-crystals 3a-e. Specifically, the co-crystals 3a-d are characterized by a stepped organization between the two stilbazoles, a direct consequence of the antiperiplanar arrangement of the perfluoromethylene groups of the XB donor (Fig. 1, top and Fig. S1 ). Similar organization is also observed in the co-crystal 3e, (Fig. 1, bottom) where the modules 1 adopt a stepped arrangement although the core of the XB-donor is a para-substituted aromatic moiety. In this case the effect of the staggered arrangement is promoted by the flexibility of the XB contact. In fact, differently from all other co-crystals where the XBs take place in the plane described by the pyridyl ring of the stilbazole, in 3e the interaction occurs out-of-plane with a distance between the iodine atom and the projection of the pyridyl ring plane of 0.89 Å. This deviation from the planarity allows for the stepped organization of the stilbazole modules in the trimer (Fig. 1) .
Other small differences appear in the arrangement of the donor/acceptor modules in 3a-d. For instance when the shortest XB donor 2a is used the CF 2 unit of the chain lays on the same plane described by the pyridyl ring of the stilbazole 1, while for all the other co-crystals the perfluoroalkyl chains are perpendicular to the plane of the pyridyl rings (Fig. S2) .
It is known that perfluorocarbon and hydrocarbon compounds tend to segregate and this phenomenon is directly correlated with the number of fluorine atoms in the fluorinated moieties. This behavior becomes noticeable in the co-crystals 3b-d where the perfluorinated units form well-defined layers fully separated by the hydrocarbon systems. For instance in 3b the stilbazoles and the 1,4-diiodoperfluorobutane molecules are stacked in separated columns parallel to the b crystallographic axis (Fig. 2, bottom) . Differently, when 1,2-diiodotetrafluoroethane 2a and 1,4-diiodotetrafluorobenzene 2e are used, the number of fluorine atoms is not enough to elicit the segregation and the XB-donors are surrounded by hydrocarbon units (Fig. 2 top, and Fig. S3 ). When present, segregation may eventually promote the formation of layered structures, i.e. lamellae, also in the molten phase and let us to foresee a liquid crystalline behavior.
Another interesting common structural feature in 3a-d is that the stilbazoles 1 are stacked in head-to-tail fashion where the alkyl side chain of one stilbazole is sandwiched between the aromatic rings of adjacent stilbazoles and, of course, vice versa (Fig. 2) . In 3e this motif is less pronounced and the stilbazole modules tend to adopt a more distorted packing. This arrangement is a direct consequence of the angle between the two stilbazole units in the trimer.
Finally, the overall crystal packing in all the co-crystals are stabilized by weak CÀ ÀHÁ Á ÁO, HÁ Á ÁF, and HÁ Á Áp short contacts Fig. 1 . Ball-and-stick representation of the single crystal X-ray structure of complex 3c (top) and 3e (bottom). The stepped organization between the XB donor and acceptor in the supramolecular trimer is shown. The in-plane for 3c and out-of-plane for 3e XB are highlighted. The plane described by the pyridyl ring (py plane) is shown in red and the distance between the iodine atom and the plane is reported in Å. Color codes: grey, carbon; blue, nitrogen; magenta, iodine; red, oxygen; yellow, fluorine and white, hydrogen. XB are light blue dotted lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 3 Described distances and angles observed in the crystal structure of co-crystals 3a-e. a As a measure of the strength of XB, we define 'normalized contact' N c as the ratio N c = D ij /(rvdw i + rvdw j ), where D ij is the distance between the atoms i and j and rvdw i and rvdw j are the corresponding van der Waals radii for I and N atoms respectively [38] . occurring between adjacent stilbazoles and close perfluorinated compounds.
Thermal analysis
The liquid crystalline properties of complexes 3a-e were examined by hot stage polarized optical microscopy (POM). All the starting materials are non mesomorphic and their melting points are reported in Table 4 . On heating all the XB-complexes 3a-3e melted directly to an isotropic liquid although at temperatures higher than the pure XB-donor and acceptors. This gives a further reliable proof that 3a-3e are well-defined new chemical species rather than a mechanical mixture of starting modules. Moreover, these data prove that a simple one-pot co-crystallization procedure can be easily exploited to stabilize volatile perfluorinated compounds, since the occurrence of halogen bond remarkable decreases their volatility [39] . This is remarkable taking into account the high volatility of haloperfluoroalkanes and the increasing concerns regarding their potential role as persistent and bioaccumulative organic pollutants.
On cooling from the isotropic liquid, a monotropic SmA phase appeared for complexes 3b-e, (Fig. 3, Fig. S5 and Table 4 while complex 3a decomposed soon after melting. This is because of the higher volatility of the diiodoperfluoroethane module, which upon heating evaporated from the liquid mixture. The mesogenic behavior found for 3b-e is perfectly reproducible even after several excursions in the isotropic phase, and smectic A phases were observed over a range of [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] C before the material crystalized, except for 3b whose LC phase appeared longer lived and reproducibly existed for some 45 C before crystallization occurred.
This suggests that the XB interaction survives in the liquid crystalline phase and has an appreciable strength, similar to that seen in previously reported hydrogen-bonded systems [40] . The observation of a SmA phase is consistent with XRD analysis and is a manifestation of nanofase segregation of perfluorocarbons and hydrocarbons modules.
The reported data show that despite the non-mesomorphic nature of the starting materials, most of the halogen-bonded complexes show liquid-crystalline behavior, further confirming the effectiveness of the XB in the construction of new supramolecular mesogens.
Conclusions
In summary, we have described the synthesis of new trimeric complexes obtained upon XB-driven self-assembly of 1,4-diiodotetrafluorobenzene or a,v-diiodoperfluoroalkanes, acting as XBdonors, with an alkoxystilbazole derivative functionalized with a methacrylate terminal group, acting as XB-acceptor. Despite the non-mesomorphic nature of the starting materials, most of the halogen-bonded complexes show liquid-crystalline behavior with smectic A phases. Single crystal X-ray diffraction analysis confirmed that NÁ Á ÁI XB interactions are largely responsible for the self-assembly of the complementary modules 1 and 2 and showed a clear segregation between perfluorocarbon and hydrocarbon molecules that perfectly agree with the lamellar phase observed in the LC state.
All the reported complexes decompose at temperatures higher than the melting points of the starting diiodoperfluorocarbons proving that an XB-driven cocrystallization can be exploited as an easy and convenient tool to stabilize volatile perfluorinated compounds.
The obtained supramolecular mesogens possess reactive groups suitable for incorporation into liquid crystalline elastomeric actuators.
Experimental
Materials and methods
Commercial HPLC-grade solvents were used without further purification. Starting materials were purchased from SigmaAldrich, Acros Organics, and Apollo Scientific. IR spectra were obtained using a Nicolet Nexus FT-IR spectrometer equipped with 
Analysis by X-ray diffraction
Single crystal X-ray data were collected on a Bruker KAPPA APEX II Diffractometer with Mo-Ka radiation (l = 0.71073) and CCD detector. To reduce the possibility of phase transition at all data sets was collected at low temperature (90 K) using Bruker KRYOFLEX device. The structures were solved by SIR2002 [42] and refined by SHELXL-97 [43] programs, respectively. The refinement was carried on by full-matrix least-squares on F 2 . Hydrogen atoms were placed using standard geometric models and with their thermal parameters riding on those of their parent atoms. Diiodoperfluorooctane in complex 1d was disordered in two opposite helical, nearly all-trans conformations, with great separation of fluorine atoms, so that the whole molecules could be split and refined with few restraints on the perfluorocarbon geometry.
